ABSTRACT Pif1 family helicases are found in virtually all eukaryotes. Saccharomyces cerevisiae (Sc) encodes two Pif1 family helicases, ScPif1 and Rrm3. ScPif1 is multifunctional, required not only for maintenance of mitochondrial DNA but also for multiple distinct nuclear functions. Rrm3 moves with the replication fork and promotes movement of the fork through 1400 hard-to-replicate sites, including centromeres. Here we show that ScPif1, like Rrm3, bound robustly to yeast centromeres but only if the centromere was active. While Rrm3 binding to centromeres occurred in early to mid S phase, about the same time as centromere replication, ScPif1 binding occurred later in the cell cycle when replication of most centromeres is complete. However, the timing of Rrm3 and ScPif1 centromere binding was altered by the absence of the other helicase, such that Rrm3 centromere binding occurred later in pif1-m2 cells and ScPif1 centromere binding occurred earlier in rrm3D cells. As shown previously, the modest pausing of replication forks at centromeres seen in wild-type cells was increased in the absence of Rrm3. While a lack of ScPif1 did not result in increased fork pausing at centromeres, pausing was even higher in rrm3D pif1D cells than in rrm3D cells. Likewise, centromere function as monitored by the loss rate of a centromere plasmid was increased in rrm3D but not pif1D cells, and was even higher in rrm3D pif1D cells than in rrm3D cells. Thus, ScPif1 promotes centromere replication and segregation, but only in the absence of Rrm3. These data also hint at a potential post-S phase function for ScPif1 at centromeres. These studies add to the growing list of ScPif1 functions that promote chromosome stability.
), as does fission yeast Pfh1 (McDonald et al. 2016) . In contrast, ScPif1 is recruited to its sites of action after their replication ) (this paper). Although Rrm3 is best known for its role in fork progression, it also restricts DNA replication during replication stress by binding to Orc5 (Syed et al. 2016) and functions in the repair of replication-generated double-strand breaks (Muñoz-Galván et al. 2017) .
Although ScPif1 and Rrm3 affect many of the same genomic loci, they were initially thought to have largely nonoverlapping functions at their common sites of action (Bessler et al. 2001) . For example, while ScPif1 inhibits telomerasemediated telomere lengthening, Rrm3 promotes semiconservative replication of telomeric DNA Ivessa et al. 2002) . More recently, ScPif1 and Rrm3 were shown to have overlapping functions at certain loci, with one of the two affecting the site only when the other helicase is absent. For example, ScPif1 promotes replication and suppresses DNA damage at G-quadruplex (G4) motifs, while Rrm3 does so only in cells lacking ScPif1 . Likewise, Rrm3 promotes replication past tRNA genes (tDNAs), as does ScPif1 in rrm3D cells (Osmundson et al. 2017; Tran et al. 2017) .
Of the Pif1 family DNA helicases, ScPif1 is the most extensively characterized in vitro. Although ScPif1 has low activity on 59-tailed duplex DNA molecules, it efficiently unwinds forked molecules, G4 structures, and RNA-DNA hybrids (Boulé et al. 2005; Boulé and Zakian 2007; Ribeyre et al. 2009; Paeschke et al. 2013; Zhou et al. 2014) . ScPif1 can also displace stably bound protein from DNA (Koc et al. 2016) and promotes the processivity of DNA polymerase d Buzovetsky et al. 2017) . Pfh1 also efficiently unwinds G4 structures and RNA-DNA hybrids, and can displace proteins from DNA (Wallgren et al. 2016; Mohammad et al. 2018) . In contrast, very little biochemistry has been done on Rrm3 owing to difficulties purifying the protein.
In this study, we show that, like Rrm3, ScPif1 functions at yeast centromeres. Centromeres are the platform for kinetochore assembly and subsequent microtubule attachment, and thus are essential for chromosome segregation in mitosis and meiosis. Centromeres also support sister chromatid cohesion at pericentric DNA, which keeps sister chromatids together until anaphase. In budding yeast, centromeres facilitate the activation of flanking origins of replication in early S phase (Pohl et al. 2012; Natsume et al. 2013) .
The S. cerevisiae centromere is remarkably small, consisting of only 125 bp. Although the 16 yeast centromeres vary somewhat in primary sequence, each contains three conserved elements: CDEI (8 bp; important but not essential for centromere function), CDEII (78-86 bp and highly A-Trich; essential for centromere function) and CDEIII (25 bp; essential for centromere function) [see Biggins (2013) for a review of budding yeast centromeres and their associated proteins] ( Figure 1A ). CDEI is bound by Cbf1, which is also a transcription factor for certain RNA polymerase II-transcribed genes (Mellor et al. 1990 ). CDEII binds a nucleosome containing Cse4, the centromere-dedicated histone H3 (CENP-A in humans). CDEIII is bound by Cbf3, a complex of four essential proteins that is required for the association of kinetochore proteins with centromere DNA (Biggins 2013) . The multiprotein kinetochore complex is assembled on centromeric DNA throughout most of the cell cycle, including during S phase (Greenfeder and Newlon 1992) .
Budding yeast centromeres replicate relatively early in S phase (McCarroll and Fangman 1988) . In wild-type (WT) cells, replication forks pause transiently at centromeres (Greenfeder and Newlon 1992) , and this pausing increases two-to threefold in rrm3D cells . By analogy to other Rrm3-affected sites, Rrm3 probably assists the fork in moving past the multiprotein kinetochore complex . Tof1 is a checkpoint-mediator protein that associates with the replisome. Its presence is important for pausing at multiple natural pause sites, including centromeres, where it is thought to stabilize the protein complexes that impede fork progression (Mohanty et al. 2006; Hodgson et al. 2007) .
Here, we show that not only Rrm3 but also ScPif1 bind centromeres in vivo, and that the binding of both helicases to centromeres is cell cycle regulated. In WT cells, Rrm3 binding was highest from early to mid-S phase, while ScPif1 binding peaked in late S/G2 phase, suggesting that the helicases have different centromere functions. However, ScPif1 promotes the replication of centromeric DNA and the segregation of centromere plasmids in rrm3D (but not WT) cells, indicating that it can partially compensate for loss of Rrm3 for these functions.
Materials and Methods

Yeast strains
Yeast strains were derivatives of YPH499 (See Supplemental Material, Table S1 ). Yeast strains, plasmids, and primers are listed in Table S1 and S2. Experiments were carried out in YPH499 unless otherwise indicated. Epitope tagging to generate ScPif1-Myc13, Rrm3-Myc13, ScPif1-K264A-Myc13, and Rrm3-K260A-Myc13 was carried out as described Paeschke et al. 2011) . Each deletion eliminated the entire ORF. The pif1-m2 allele, which was made as described in Schulz and Zakian (1994) , has WT mitochondrial function but is deficient, although not null, for nuclear functions.
Chromatin immunoprecipitation-sequencing alignment, peak calling, and preparation of browser snapshots ScPif1 and Rrm3 chromatin immunoprecipitation (ChIP) samples and input DNA samples were converted to an Illumina sequencing library (Illumina, San Diego, CA) using the automated Apollo 324TM NGS Library Prep System and the PrepX DNA library kit (Wafergen, Fremont, CA) according to the manufacturer's instructions, which included DNA end repair, A-tailing, adapter ligation, and limited amplification. To facilitate multiplexing, adaptors contained a libraryspecific barcode. The libraries were examined on Bioanalyzer (Agilent, CA) DNA high sensitivity (HS) chips for size distribution, and quantified by Qubit fluorometer (Invitrogen, Carlsbad, CA). Libraries were pooled together at equal molar amounts and sequenced on an Illumina HiSeq 2500 Rapid Flowcell as single-end 65-nt reads, along with 7-nt Index reads, following the manufacturer's protocol. Raw sequencing reads were filtered by Illumina HiSeq Control Software to generate pass-filter reads for further analysis.
Reads were aligned to the S. cerevisiae genome (assembly SacCer3) using bowtie2 (version 2.2.6.2) (Langmead and Salzberg 2012) . For subsequent analyses, reads were extended to 300 bp to reflect the empirical fragment length and all libraries were downsampled to contain 10 M reads. Average ChIP-seq (ChIP-sequencing) signals around centromere regions were determined using the function ScoreMatrixBin in the R package genomation (Akalin et al. 2015) . Sequencing reads averaged across 2-kb windows centered on the middle of the centromeric intervals that were split into 5-bp bins. ChIP-seq data were visualized as custom tracks on the University of California Santa Cruz genome browser (Kent et al. 2002) . For display, sequencing reads were converted into bedgraph files capturing genome-wide per-base coverage using the genomecov function from the BEDTools suite (Quinlan and Hall 2010) .
ChIP and quantitative PCR
Epitope tagging of proteins for ChIP experiments was carried out as previously described . Briefly, cells were grown in 50 ml of YEPD (YEP with dextrose) overnight and harvested at an OD 660 of 0.5. Cells were cross-linked with 1% formaldehyde for 10 min. Chromatin purification was carried out as described , except that DNA was sheared to an average size of 300 bp using an E220 evolution Focused-ultrasonicator (Covaris, Woburn, MA). Anti-MYC monoclonal antibody (#631206; Clontech) was diluted to 0.02 mg/ml and coupled to 80 ml of Dynabeads protein G (#10004D; Thermo Fisher Scientific). Reversecross-linking DNA was performed and purified by QIAquick PCR Purification kit (#28106; QIAGEN, Valencia, CA). Immunoprecipitated chromatin and input DNA were analyzed by quantitative PCR (qPCR) using iQ SYBR Green Supermix (#170-8882; Bio-Rad, Hercules, CA) and a CFX96 real-time system (Bio-Rad). All ChIP experiments were repeated at least three times. Strains and primers are listed in Table S1 and S2. WT cells without a Myc-tagged protein were used as a negative control. Most ChIP-qPCR were quantified by [(ChIP/Input) Target site /(ChIP/Input) YBL028C ]. YBL028C is a control sequence that has very low ScPif1 and Rrm3 binding.
Cell synchrony
For ChIP and RT-PCR experiments, the synchronization method and FACS analysis were as previously described (Azvolinsky et al. 2006) . Briefly, single colonies were grown in YEPD overnight at 30°. Cells were diluted and grown overnight to an OD 660 of 0.15. a-Factor (Princeton University) was added to cultures (0.015 ng/ml) and cells were incubated for 3-4 hr at 24°until microscopic examination indicated that 90% of cells were unbudded. Cells were collected and washed in YEPD. Cells were resuspended in fresh YEPD containing 70 mg/ml Pronase (Sigma [Sigma Chemical], St. Louis, MO) at 24°and collected at the indicated time points. The quality of each synchrony was monitored by flow cytometry. Each synchrony was done at least three times on independent colonies.
Flow cytometry
Cells were fixed with 70% EtOH and stored at 4°overnight. Cells were then pelleted, washed, and suspended in 50 mM sodium citrate and sonicated. RNase A was added at a final concentration of 0.25 mg and cells were incubated for 1 hr at 50°. One milligram of Proteinase K (Roche) was added and cells were incubated for an additional 1 hr at 50°. Nuclear DNA was stained with Sytox Green (2 mM) (Invitrogen) at room temperature. Samples were analyzed in an LSRII (BD Biosciences, Jose, CA) using FACSDiVa software for data acquisition. Sytox green dye was excited with a 488-nm laser and the emitted fluorescence was collected through a 525/50 bandpass filter. FlowJo V.10 (FlowJo LLC, Ashland, OR) software was used for cell cycle analysis. Statistical significance was determined by two-tailed Student's t-test.
Plasmid loss-rate assay
Plasmid loss assays measure the cumulative loss of a pRS316 from a yeast culture over around eight generations of growth in nonselective media. An overnight culture of cells was grown with pRS316 in URA media. The cells were inoculated into 3 ml YEPD medium and grown to saturation (around eight generations of growth). The cells were diluted with water, and plated on YEPD and plates with complete medium lacking uracil (250 cells/plate). Cells were grown for 3 days (or as needed) and colonies counted. Each experiment was done at least three times. The plasmid loss rate (% loss per generation) was determined by 12(F/I) l/N , where I is the initial percentage of plasmid-containing cells and F is the percentage of plasmid-containing cells after N generations (Gibson et al. 1990 ).
Two-dimensional agarose gel electrophoresis
Replication intermediates were analyzed by standard twodimensional (2D) agarose gel electrophoresis techniques performed on total genomic DNA isolated from asynchronous cells Fangman 1987, 1991; Huberman et al. 1987) . Cells were collected in log phase at an optical density of OD660 of 0.6. Collected DNA was restriction enzyme digested (see Figure 4 legend for specific enzyme). In the first dimension, DNA was separated in 0.4% agarose at room temperature for 20 hr at 2.0 V/cm. The second dimension was run for 15 hr in 1.1% agarose containing ethidium bromide (0.3 mg/ml) at 4.4 V/cm at 4°. Southern blots were probed using a 32 P-labeled probe, whose position is indicated in Figure 4 . The extent of pausing was obtained in the following manner. The 32 P signal corresponding to the pause was obtained using ImageQuant TL software to determine the 32 P intensity of the pause. The background signal was obtained by measuring 32 P intensity from an equal area of the blot at a location that was offset from the pause site so as not to contain signal from the y-arc. This value was then subtracted from the overall 32 P intensity of the pause to remove background. The same steps were taken for a portion of the ascending y-arc. The intensity of the pause for a given blot was obtained by subtracting y-arc signal (minus background) from the pause signal (minus background). Quantification of pausing was done in two different biological replicates and was normalized to the WT pause signal to obtain the fold increase in the pause in a mutant strain relative to pausing in the otherwise isogenic WT strain.
Benomyl and nocodazole sensitivity
Sensitivity to nocodazole (10 mg/ml) or benomyl (10 mg/ml) was tested by growing cells overnight in YEPD at 30°. Strains were then spotted in fivefold serial dilutions from 3310 7 cells per spot on YEPD plates with and without nocodazole or benomyl.
The experiments for ChIP-qPCR of benomyl-treated cells are described briefly below. Cells were grown to an OD 660 of 0.3. Cells were diluted and treated with DMSO (control, 0.1%) or benomyl (10 mg/ml) in YEPD liquid media and grown overnight. The cells were collected at an OD 660 of 1. The ChIP-qPCR was the same as in other experiments.
Data availability
Strains and plasmids are available upon request. The authors affirm that all data necessary for confirming the conclusions of the article are present within the article, figures, and tables. Supplemental material available at Figshare: https://doi.org/ 10.25386/genetics.7335188.
Results
ScPif1 and Rrm3 helicases bind robustly to yeast centromeres
Although Rrm3 binds to all nuclear sequences at their time of replication, its binding is elevated at hard-to-replicate sites, including centromeres (Azvolinsky et al. 2006 (Azvolinsky et al. , 2009 . Because these sites also contain elevated levels of DNA polymerase II (DNA Pol2), the leading-strand DNA polymerase, we interpret the higher levels of Rrm3 as due to pausing at hard-to-replicate sites, as high DNA Pol2 occupancy correlates with pause sites seen by 2D gels. Earlier genome-wide studies using ChIP and microarrays (ChIP-chip) did not detect ScPif1 binding to centromeres . However, using ChIP in combination with DNA sequencing (ChIP-seq), we found robust ScPif1 binding to all 16 yeast centromeres in asynchronous cells (C.-F. Chen, S. Pott and V. A. Zakian, personal communication). In all instances, this binding was centered on the 125-bp centromere and, typically, it was the strongest ScPif1-binding site within 5 kb to either side of the centromere (Figure 1 , B and C). Elevated binding of Rrm3 to centromeres was also seen in genomewide ChIP-seq studies using myc-Rrm3 ( Figure 1 , B and C).
To confirm ScPif1 and Rrm3 binding to centromeres, we performed ChIP followed by real-time qPCR (ChIP-qPCR) on 6 of the 16 native yeast centromeres, CENs 3, 6, 11, 12 , and 14 ( Figure 1D ), and to an ectopic copy of CEN7 ( Figure 2B ). For these studies, cells were grown at 30°. The binding of ScPif1 and Rrm3 was normalized to a control sequence, YBL028C, which binds little or no ScPif1 or Rrm3 . Although the level of binding varied somewhat from centromere to centromere, ScPif1 and Rrm3 each bound strongly to all six centromeres.
Using asynchronous cells growing at 30°, we also examined the binding of each helicase in the absence of the other. The level of ScPif1 binding to centromeres 3, 6, 11, 12 , and 14 was the same in WT and rrm3D cells (P . 0.05) ( Figure  1D) . Likewise, the level of Rrm3 binding to these centromeres was not affected significantly by the absence of ScPif1 (P . 0.05) ( Figure 1D ).
Because Tof1 stabilizes replication forks at centromeres and antagonizes the helicase activity of Rrm3 at the RFB (Mohanty et al. 2006; Hodgson et al. 2007) , we asked if the levels of ScPif1 or Rrm3 centromere binding were altered in 30°-grown tof1D cells ( Figure 1E ). Rrm3 was significantly higher at CEN3, 6, 12, and 13 in tof1D compared to WT cells (P # 0.01). However, ScPif1 centromere binding was not affected significantly by the absence of Tof1 (P . 0.05) (Figure 1E) . These results suggest that Tof1 and Rrm3 centromere binding is competitive, consistent with the two proteins acting antagonistically at centromeres as they do at the RFB (Mohanty et al. 2006) . The data also hint that ScPif1 and Rrm3 may have different centromere functions, as in otherwise WT cells, levels of ScPif1 binding to centromeres was not affected by the absence of TOF1 ( Figure 1E ).
ScPif1 and Rrm3 bind poorly to an inactive centromere
As a first step in determining the role of ScPif1 binding to centromeres, we asked if its binding required a functional centromere. For this experiment, we grew cells at 30°and used strains with a modified version of chromosome XIV that contain an active or an inactive CEN7 (Pohl et al. 2012) (Figure 2A ). Both the active and inactive CEN7 are inserted within the MET2 locus. In the strain harboring the active CEN7, the native CEN14 was replaced with URA3. The inactive CEN7 has a 3-nt substitution in the essential CDEIII motif that eliminates CEN function (Pohl et al. 2012) . Again, we used epitope-tagged ScPif1 (or Rrm3) and ChIP-qPCR in asynchronous cells to determine if helicase binding was dependent on CEN activity. ScPif1 and Rrm3 bound strongly to the functional CEN7, but the binding of both helicases was significantly lower at inactive CEN7 ( Figure 2B , P , 0.001). (1) CDEI is 8-bp long; its consensus is RTCACRTG (R = purine); (2) CDEII is 78-86-bp long and is A+T-rich; and (3) CDEIII is 25-bp long; its consensus is (TGTTT(T/A)TGNTTTCCGAAANNNAAAAA), where N is any nucleotide (Biggins 2013) . (B) Average normalized ScPif1 and Rrm3 ChIP-seq read counts are plotted at centromeric regions. Reads from matched input samples that were sheared but did not undergo the ChIP procedure were used as a control. (C) ChIP-seq signal for ScPif1 and Rrm3 (upper panel) . Lower panels show ScPif1 and Rrm3 ChIP-seq read density at three centromeres (CEN1, CEN13, and CEN3). UCSC browser tracks were used to visualize ScPif1 binding and control reads (input). Data represent combined reads of three independent replicates. All data were normalized to 10 M reads per library. (D) Using Myc-tagged ScPif1 and Rrm3, ChIP-qPCR was carried out on Robust binding of ScPif1 to CEN7 does not require its catalytic activity
To ask if catalytically inactive ScPif1 or Rrm3 bound centromeres ( Figure 2C ), we used two helicase-inactive alleles, ScPIF1-K264A and RRM3-K260A, in which the invariant lysines in the Walker A box are mutated Zhou et al. 2000) . Both alleles produce stable but catalytically inactive protein. ScPif1-K264A bound active CEN7 as well as WT ScPif1 (Figure 2C ), consistent with results from ChIP-seq where WT and ScPif1-K264A bind equally well to all of its in vivo targets (Chen et al., personal communication). In contrast, binding of WT Rrm3 was 5.3 times higher than Rrm3-K260A to CEN7 (Figure 2, C and D) .
To determine if the reduced binding of Rrm3-K260A was specific for centromeres, we compared the binding of mutant and WT Rrm3 to several well-characterized Rrm3 substrates, three tDNAs, and the right telomere of chromosome VI (Figure 2D ). The three tDNAs are particularly Rrm3-sensitive, owing to replication and transcription moving through the genes in opposite directions ("head-on" orientation) Tran et al. 2017) . Similar to what was seen at CEN7, the level of WT Rrm3 binding was significantly higher at the three tDNAs and at the VI-R telomere than binding of Rrm3-K260A (P , 0.01). However, the fold difference in binding ranged from 1.7-(tDNA gly , Tel VI-R) to around eightfold (tRNA tyr )-higher binding of WT Rrm3 compared to the Rrm3-K260A-binding level. Thus, the inactive Rrm3-K260A binds Rrm3-sensitive sites but not to the same extent as WT Rrm3.
ScPif1 and Rrm3 binding to centromeres is cell cycle regulated
Because ScPif1 and Rrm3 binding was dependent on the presence of an active centromere (Figure 2) , we considered the possibility that they might bind centromeres in a cell cycle-dependent manner, and that their time of binding might provide clues about their centromere functions. For example, if the helicases promote centromere replication, they would likely bind in early-mid-S phase, as this is the time when most yeast centromeres replicate (McCarroll and Fangman 1988) . Alternatively, or in addition, the two helicases might bind centromeres in mitosis, when they carry out their segregation functions, such as attaching to the mitotic spindle or loss of sister centromere cohesion. To examine ScPif1 and Rrm3 binding throughout the cell cycle, we arrested cells in late G1 phase by incubating them in the presence of a-factor. Cells were then released from a-factor arrest to allow them to move through S phase in a synchronous manner. Cells were collected at 15-min intervals throughout the succeeding S/G2/M phases, and occupancy of ScPif1 and Rrm3 was determined by ChIP-qPCR at each time point (Figure 3 and Figure S1 ). As is typical for synchrony experiments, cells were grown at 24°to provide better resolution of cell cycle-regulated events. As a result, the ChIP-seq values for these experiments were lower than in asynchronous cells, which were grown at 30° (Figure 1) . Likewise, when ChIPs for Rrm3-or Pif1-centromere binding were conducted at 24°in asynchronous cells, ChIP values were lower than for the same experiment at 30°( Figure S2 ).
Rrm3 moves with the replication fork so its time of binding provides a marker for the time of centromere replication (Azvolinsky et al. 2006) . Although the average time of centromere replication as determined by density transfer experiments occurs relatively early in S phase (McCarroll and Fangman 1988) , the time of replication of any given centromere in a population of cells occurs over a fairly broad portion of S phase. For example, CEN3 overlaps with the early activating origin ARS308, making it one of the earliest replicating sequences in the yeast genome (McCarroll and Fangman 1988; Pohl et al. 2012) . In fact, 15% of CEN3 molecules replicate in late G1 phase (McCarroll and Fangman 1988) . However, even for CEN3, individual CEN3 molecules replicate over a 15-min interval of the 30-40-min S phase (McCarroll and Fangman 1988) .
Consistent with its very early replication, Rrm3 binding to CEN3 was highest at 15 min (the very beginning of S phase) and 30 min (early S phase) (red circles; Figure 3A ). CEN12, located immediately adjacent to early activating origin ARS1208, replicates later than CEN3 but still replicates in early S phase (McCarroll and Fangman 1988; Pohl et al. 2012) . Peak Rrm3 binding to CEN12 was also observed at early S phase (30 min; red circles; Figure 3E ). Rrm3 binding to CEN11 was uniformly high from 0 to 45 min, suggesting that replication of CEN11 occurred throughout S phase (Figure 3C, red circles) . In previous studies, CEN11 has replicated considerably later than CEN3, and individual CEN11 molecules have replicated over about one-half of the S phase (McCarroll and Fangman 1988) .
Although the timing of centromere replication as deduced from the time of Rrm3 binding differed from centromere to centromere, the cell cycle pattern of peak ScPif1 binding was largely nonoverlapping with peak binding of Rrm3 at all three centromeres. Thus, at CEN3, ScPif1 binding occurred mainly in late S/G2 phase (60-75 min; Figure 3B , blue squares) compared to 15-30 min for Rrm3 binding ( Figure  3A , red circles). The peak of ScPif1 binding to CEN12 also occurred in late S/G2 phase (60 min; Figure 3F , blue squares), while the peak of ScPif1 binding to CEN11 was even three independent isolates of WT, pif1D, and rrm3D asynchronous cells grown at 30°. Binding to CEN3, 6, 11, 12, and 14 was normalized to binding to YBL028C, a control sequence that has low binding to both helicases . Here and elsewhere, error bars are 6 SD, and P-values were obtained using an unpaired two-tailed Student's t-test. In all figures, * P # 0.05, ** P # 0.01, *** P # 0.001, and **** P # 0.0001. (E) ChIP-qPCR was performed as described in (D), except that binding was determined in WT and tof1D cells. ChIP, chromatin immunoprecipitation; ChIP-seq, ChIP-sequencing; qPCR, quantitative PCR; UCSC, University of California Santa Cruz; WT, wild-type.
later (75 min; Figure 3D , blue squares). Together, these data are consistent with a model where Rrm3 action at centromeres occurs during the time of centromere replication, while ScPif1 acts after centromere replication. The fact that ScPif1 binding to all three centromeres occurred in a more discrete manner than Rrm3 binding provides additional support for its being a non-S phase event.
The cell cycle timing of Rrm3 and ScPif1 binding to centromeres is altered in the absence of the other helicase Next, we examined the timing of Rrm3 binding to centromeres in cells lacking ScPif1 and ScPif1 centromere binding in rrm3D cells. For these experiments, we used the pif1-m2 allele, even though it is not a complete null for nuclear functions, rather than pif1D, because the doubling time of pif1-m2 cells, which are respiratory proficient, is similar to WT while the respiratory-deficient pif1D cells grow slowly (Schulz and Zakian 1994; Zhou et al. 2000) (Figure 4O) .
If the two helicases compensate for the absence of the other helicase, we anticipated that Rrm3 binding will occur later and ScPif1 earlier in the cell cycle in the mutant compared to WT cells. Indeed, while Rrm3 still bound CEN3 and CEN12 at early time points (0-30 min), Rrm3 binding to these centromeres was significantly higher (P , 0.05) in pif1-m2 than in WT cells in late S and post-S phase time points (45-75 min; Figure 3 , A and E; purple diamonds). At CEN11, Rrm3 binding was still high from 0 to 30 min in pif1-m2 cells, but was even higher in late S phase [binding at 45, 60, and 75 min was significantly higher (P , 0.05) than in WT cells; Figure  3C , purple diamonds].
Likewise, the cell cycle pattern of ScPif1 binding to the three centromeres was altered in the absence of Rrm3. At CEN3 ( Figure 3B , green triangles), ScPif1 binding was significantly higher at 30 and 45 min, and significantly lower at 60 and 75 min in rrm3D compared to WT cells (P , 0.05). Similarly, at CEN12, the peak of ScPif1 binding shifted from 60 to 45 min in rrm3D cells, and was significantly higher at these time points when compared to WT cells ( Figure 3F , green triangles, P , 0.05). At CEN11, ScPif1 binding was significantly higher at 45 min and significantly lower at 75 min in rrm3D compared to WT cells ( Figure 3D , green triangles, P , 0.01).
Taken together, these results suggest the following model. In WT cells, Rrm3 binds centromeres mainly during their time of replication, while ScPif1 binds mainly after centromere replication in late S/G2 phase. However, the shift of binding profiles to later in the cell cycle for Rrm3 in pif1-m2 cells and earlier in the cell cycle for ScPif1 in rrm3D cells, suggests that Rrm3 is able to compensate for the post-S phase function of ScPif1 when ScPif1 is absent and vice versa. Alternatively, time of centromere replication might be altered in the absence of Rrm3 or Pif1.
ScPif1 promotes replication through centromeres but only in rrm3D cells
Recently ScPif1 was found to promote fork progression at tDNAs, but only in rrm3D cells (Osmundson et al. 2017; Tran et al. 2017) . To test if ScPif1 promotes replication of centromeres, we examined fork progression at centromeres in mutant and WT cells at CEN6 and CEN11 using 2D gel electrophoresis (2D gel) analysis in asynchronous cells (Figure 4 ). The pattern of replication intermediates for CEN6 reflects the fact that two origins contribute to its replication. In some cells, it is replicated by forks moving from ARS605 and in others from ARS606 ( Figure 4B ). When replication occurs from ARS605, forks move from left to right through the MfeI fragment examined by 2D gels; when replication occurs from ARS606, forks move right to left through the same fragment. As both origins are outside the MfeI fragment (Figure 4B) , replication from either origin produces a simple Y-shaped structure of identical size and shape ( Figure 4A cartoon). However, two pause sites are visible on the arc of replication intermediates, one for each origin. The stronger pause (marked by solid arrow on the cartoon) arises from forks that begin at ARS605, as it is closer than ARS606 to CEN6. The more minor pause (marked with a dotted arrow) is due to forks that initiate from ARS606. Because the Figure 3 ScPif1 and Rrm3 binding to centromeres is cell cycle regulated. Cells, which were grown at 24°throughout the experiment, were arrested by incubation in a-factor and then released to proceed through the cell cycle. Samples were collected for ChIP-qPCR and FACS at indicated times (T = 0, 15, 30, 45, 60, 75, 90, and qualitative effects of different mutations were the same at the two pause sites, quantification was done only on the major pause site. For both CEN6 and CEN11, pausing in WT cells was defined as one (see legend for Figure 4) . The level of pausing relative to pausing in WT cells is indicated in the upper right corner of each 2D gel panel.
As expected (Greenfeder and Newlon 1992) , 2D gel analysis demonstrated modest fork pausing at CEN6 in WT cells ( Figure 4C ) and a 2.9-fold increase in this pausing in rrm3D cells ( Figure 4D ) . In pif1D cells, the extent of replication fork pausing at CEN6 was similar to that seen in WT cells (0.9 times the WT level; Figure 4E ). However, pausing at CEN6 in pif1D rrm3D cells was 3.7 times higher than in WT cells ( Figure 4F ). We also tested pausing at CEN6 in tof1D and rrm3D tof1D cells (Figure 4, G and H) . Consistent with earlier data (Hodgson et al. 2007) , forks still paused at CEN6 in tof1D cells, but the pausing was 0.6 times that seen in WT cells. In addition, pausing at CEN6 was lower in rrm3D tof1D cells than in rrm3D cells, suggesting that Tof1 and Rrm3 act antagonistically at centromeres as they do at the RFB (Mohanty et al. 2006; Hodgson et al. 2007) .
The results were similar at CEN11 (Figure 4 , K-N). Pausing was 2.4-fold higher in rrm3D cells ( Figure 4L ) compared to WT ( Figure 4K ), and even higher in pif1D rrm3D cells (4.7-fold higher than WT; Figure 4N ), while pausing in pif1D cells was even lower than pausing in WT cells ( Figure 4M ; 0.7 times WT). We conclude that ScPif1 promotes replication through centromeres but only in the absence of Rrm3. Thus, as at tDNAs (Osmundson et al. 2017; Tran et al. 2017) , ScPif1 partially compensates for the absence of Rrm3 during centromere replication.
Cells lacking both ScPif1 and Rrm3 are slow growing with an extended S phase Rrm3 and ScPif1 have overlapping roles in replication fork progression at tDNAs , G-quadruplex motifs , and, as shown here (Figure 4, A-N) , during centromere replication (summarized in Table 1 ). Unpublished work indicates that the two helicases also have overlapping roles in completing DNA replication at converged forks (K. Labib, personal communication). Yet the growth rates of pif1-m2 and rrm3D cells were similar to WT (Figure 4O ), even though by FACS analysis rrm3D cells had significantly more cells in S phase (38.2%) than a WT strain (30.2%) (P = 3 3 10 27 , Figure 4 , P and Q). The double mutant pif1-m2 rrm3D cells grew much more slowly than WT or single mutants (Figure 4O) , and accumulated even more S phase cells (47.3%, P , 0.001) (Figure 4, P and Q) , consistent with the overlapping roles of the two helicases in multiple aspects of DNA replication.
ScPif1 promotes the segregation function of CEN6 but only in the absence of Rrm3
Centromeres insure proper segregation of the sister chromatids to the two progeny cells. To determine if ScPif1 or Rrm3 binding to centromeres affects their segregation function, we used a centromere plasmid-loss assay in WT and mutant cells (Gibson et al. 1990) . As a positive control, we monitored CEN plasmid loss in cbf1D cells, as Cbf1 is needed for the full segregation function of budding yeast centromeres (Mellor et al. 1990 ). We measured the loss of pRS316, a CEN6 URA3 plasmid, during growth in nonselective media ( Figure 5 ). Consistent with earlier results, loss of pRS316 in cbf1D cells was 3.4-fold higher than in WT cells (P , 0.0001). pRS316 loss was also higher in rrm3D cells (2.0-fold increase over WT, P , 0.0001), although not as high as in cbf1D cells. In contrast, CEN plasmid loss was indistinguishable (P . 0.05) between WT and pif1D or pif1-m2 cells. Thus, in otherwise WT cells, ScPif1 does not affect the segregation rate of a CEN6 plasmid. However, as with fork progression, ScPif1 appears to compensate for Rrm3 during segregation, as CEN plasmid loss was significantly higher in pif1-m2 rrm3D or pif1D rrm3D cells (around threefold, P , 0.001) than in rrm3D cells.
The absence of Rrm3 renders cells resistant to microtubule-destabilizing drugs and suppresses the sensitivity of other strains to these drugs To test the idea that ScPif1 has a function in sister chromatid separation, we asked if the absence of ScPif1 and/or Rrm3 affected sensitivity to two microtubule inhibitors, benomyl ( Figure 6A ) and nocodazole ( Figure S3 ). Although the positive control cbf1D was, as expected, benomyl-sensitive, pif1-m2 and pif1D cells grew as well as WT cells on 10 mg/ml benomyl ( Figure 6A ). However, rrm3D cells were resistant to benomyl, and deletion of RRM3 conferred benomyl resistance to both pif1-m2 and cbf1D cells ( Figure 6A ). Cells expressing the helicase-dead rrm3-K260A allele were also benomyl-resistant. Thus, Rrm3 ATPase activity is required for sensitivity to microtubule inhibitors. Similar results were obtained for cells grown on 10 mg/ml nocodazole, except that pif1-m2 cells were modestly resistant to nocodazole and pif1-m2 did not suppress the nocodazole sensitivity of cbf1D cells ( Figure S3 ). signal at the pause was quantified as in Tran et al. (2017) and normalized to the pause signal in WT cells to obtain the relative fold change. The average fold difference of mutant over WT from two or more independent biological replicates is shown in the upper right corner of each Southern blot. (O) Freshly dissected WT, pif1-m2, rrm3D, and pif1-m2 rrm3D spore clones derived from a multiply heterozygous but otherwise isogenic diploid were streaked on YEPD plate at 30°for 2 days. (P) Representative FACS profiles for one of five spore clones from WT, pif1-m2, rrm3D, and pif1-m2 rrm3D cells. (Q) Quantified FACs data from five independent biological replicates of each strain that were grown asynchronously at 30°. The percent of cells from each strain that are in G1, S, and G2 phase are indicated along with statistical significance relative to WT cells; indicated by black asterisks. Statistical significance of pif1-m2 rrm3D relative to rrm3D is indicated by red asterisks. * P # 0.05, ** P # 0.01, *** P # 0.001, **** P # 0.0001. 2D, two-dimensional; WT, wild-type; YEPD, YEP and dextrose.
We also tested if Rrm3 or ScPif1 binding to centromeres was affected by benomyl ( Figure 6 , B-D). While there were several modest differences in binding in these assays, the only dramatic effect was significantly higher (P , 0.001) ScPif1 binding to CEN3, 12, and 13 in rrm3D cells (Figure 6 , B-D). ScPif1 binding to two tDNAs was not affected significantly by benomyl even in rrm3D cells ( Figure 6 , E and F, P . 0.05).
Discussion
There is growing interest in Pif1 family helicases owing to their multiple and diverse roles in promoting genome integrity (Table 1 ). This study extends the known functions of ScPif1 by showing that it affects centromere replication and segregation in rrm3D cells (Figures 4 and 5) . Moreover, this study provides another example of ScPif1 and Rrm3 having overlapping functions at hard-to-replicate sites.
A role for ScPif1 at centromeres was first suggested by its robust binding to all 16 yeast centromeres by genome-wide ChIP-seq carried out in asynchronous cells (Figure 1 , B and C). ChIP-qPCR confirmed these findings at 6 of the 16 yeast centromeres ( Figure 1D and Figure 2B ). As Rrm3 moves with the replisome, it binds to all nuclear sequences at their time of replication (Azvolinsky et al. 2006) . However, in asynchronous cells, its binding to centromeres was 5-10-fold higher than to a control sequence ( Figure 1D ). Higher Rrm3 binding is also seen at other hard-to-replicate sites, such as tDNAs and telomeres (Azvolinsky et al. 2009; Tran et al. 2017) (Figure 2D ). This higher Rrm3 binding to Rrm3-affected sites is likely due to the pausing of the replisome at these sequences, even in WT cells (Azvolinsky et al. 2009 ). Alternatively, or in addition, more Rrm3 may be recruited to hard-to-replicate sites when the fork stops (rather than pauses) at the site, requiring additional Rrm3 to relieve replication fork arrest. We speculate that the reduced binding of the catalytically dead Rrm3-K260A to multiple Rrm3-affected sites, including centromeres, may reflect a defect of the mutant protein in its recruitment, or the stability of its binding to a stalled or arrested fork (Figure 2, C and D) .
Neither Rrm3 nor ScPif1 bound strongly to a mutant CEN7 with a nonfunctional CDEIII element ( Figure 2B ). For Rrm3, the low binding is expected as a mutant CEN does not impede fork progression (Greenfeder and Newlon 1992) . In contrast to Rrm3, ScPif1 was recruited to centromeres after their replication ( Figure 3 , B, D, and F), a pattern also seen at G4 motifs . Reduced ScPif1 binding to nonfunctional centromeres suggests that some aspect of a functional centromere, such as the Cbf3 complex (see Introduction), is needed to recruit ScPif1 to the kinetochore. The finding that the centromere binding of Rrm3, but not ScPif1, was significantly higher in tof1D cells ( Figure 1E ) suggests that, in WT cells, the two helicases have different centromere functions and that at least one Rrm3 function involves displacement of the multiprotein kinetochore complex during DNA replication. The idea that the two helicases do not have the same function at centromeres is also supported by their different temporal patterns of centromere binding (Figure 3 ). Rrm3 binding occurred mainly in early-mid-S phase, while ScPif1 binding occurred at the end of or even after S phase, when centromere replication is complete. Consistent with these binding patterns, Rrm3 promotes centromere replication ) while ScPif1 did not in WT cells (Figure 4) . The temporal pattern of centromere binding was altered for both helicases when the other helicase was absent, earlier in the cell cycle for ScPif1 in rrm3D cells and later in the cell cycle for Rrm3 in pif1-m2 cells (Figure 3) . The earlier centromere binding of ScPif1 in rrm3D cells is consistent with the 2D gel data showing that ScPif1 promoted centromere replication in the absence of Rrm3 (Figure 4 ).
The effects of mutating the two helicases on the segregation of centromere plasmids was similar to their effects on centromere replication ( Figure 5 ). The loss rate of a centromere plasmid was two-times higher in rrm3D compared to WT cells, a significant increase. However, loss of centromere plasmids was not affected by the absence of ScPif1, except in cells that also lacked Rrm3. The most parsimonious explanation for the segregation defects in rrm3D and rrm3D pif1-m2 (and rrm3D pif1D) cells is that it is a secondary consequence of the impaired centromere replication in these backgrounds (Figure 4) . However, we cannot exclude a more direct role for one or both helicases in centromere segregation. Indeed, the temporal pattern of ScPif1 centromere binding in late S/G2 phase suggests that ScPif1 (and perhaps Rrm3 in pif1-m2 cells) has a non-S phase centromere function (Figure 3) . The timing of this binding hints at the possibility that the The indicated strains were treated with or without benomyl, and analyzed by ChIP-qPCR. Each strain was tested in triplicate by ChIPqPCR using three biological replicates. * P # 0.05, ** P # 0.01, *** P # 0.001, and *** P # 0.0001. (B) CEN3, (C) CEN12, (D) CEN13, (E) tRNA ala , and (F) tRNA tyr . ChIP, chromatin immunoprecipitation; qPCR, quantitative PCR; WT, wild-type; YEPD, YEP and dextrose.
additional function could be promoting sister chromatid separation. We tested this idea by asking if a lack of ScPif1 affected benomyl or nocodazole sensitivity ( Figure 6 and Figure S3 ). Contrary to our model, pif1-m2 and pif1D cells had WT sensitivity to benomyl and were modestly nocodazoleresistant, while rrm3D cells were benomyl-and nocodazoleresistant, as were rrm3D pif1-m2 cells. We do not know why these strains were resistant to microtubule inhibitors but speculate that in rrm3D and rrm3D pif1-m2 cells, it is linked to their longer S phase (Figure 4 , P and Q).
Despite Pif1-deficient cells having WT benomyl sensitivity, we still favor the idea that ScPif1 affects centromere segregation. However, if ScPif1 were the major player in promoting a key step in sister chromatid separation, the absence of ScPif1 alone should negatively impact the segregation of centromere plasmids, yet the rate of centromere plasmid loss in pif1D cells was the same as in WT cells ( Figure 5 ). Therefore, if ScPif1 contributes to a function that is important for the segregation of centromeres, it must share this function with another protein, perhaps a helicase, other than Rrm3. However, a synthetic screen to identify nonessential genes that are synthetically lethal or sick in a pif1-m2 background did not identify any of the over 100 nonessential genes that have helicase motifs (Stundon and Zakian 2015) . We suggest from the cell cycle pattern of Rrm3 binding in pif1-m2 cells ( Figure  3 , A, C, and E) that Rrm3 might carry out the late cell cycle activity of ScPif1 in pif1-m2 cells. However, rrm3D pif1-m2 cells are benomyl-and nocodazole-resistant ( Figure 6A and Figure S3 ), which is not expected if the two helicases cooperate to promote sister chromatid separation. One interaction that came out of the pif1-m2 synthetic screen (Stundon and Zakian 2015) that might be relevant to a post-S phase function for ScPif1 at centromeres was the lethality of pif1-m2 cdh1D cells. Cdh1 is an activator of the APC (anaphasepromoting complex) that drives cells into anaphase, in part by leading to the release of cohesin from the centromeres of sister chromatids (Biggins 2013) . Perhaps, ScPif1 and Cdh1 both contribute to cohesion removal, with ScPif1 providing a "push" that enhances the actions of Cdh1. The synthetic lethality of the double mutant may also be related to higher levels of ScPif1 in cells lacking APC function (Vega et al. 2007) .
In summary, Rrm3 and ScPif1 bound centromeres at different times in the cell cycle, and this timing was influenced by the other helicase in a manner that would allow either helicase to compensate at least in part for the loss of the other. Rrm3 had the major role in replication through the multiprotein kinetochore complex. ScPif1 also promoted centromere replication, but its replication function was detected only in rrm3D cells. These roles in replication provide a plausible explanation for the positive effects of these helicases on the segregation fidelity of centromere plasmids.
Unlike S. cerevisiae, most eukaryotes encode only one Pif1 family helicase. The single S. pombe Pif1 family helicase, Pfh1, has an as yet unidentified essential nuclear function . With the exception of telomerase inhibition , Pfh1 carries out all of the tested functions of ScPif1 and Rrm3 (Table 1) (Foury and Kolodynski 1983; Tanaka et al. 2002; Zhou et al. 2002; Ryu et al. 2004; Budd et al. 2006; Fachinetti et al. 2010; Lopes et al. 2011; Sabouri et al. 2012 Sabouri et al. , 2014 Steinacher et al. 2012; Saini et al. 2013; McDonald et al. 2014 McDonald et al. , 2016 Wallgren et al. 2016; Mohammad et al. 2018) . However, a possible role for Pfh1 in centromere replication has not, to our knowledge, been examined. S. pombe centromeres are much larger and more complex than the budding yeast point centromere (Yamagishi et al. 2014) . Thus, it is possible that a role for Pfh1 in centromere replication could explain why Pfh1 is essential for the integrity of nuclear DNA , while pif1D rrm3D are slow growing but viable ( Figure 4O ). The conservation of multiple functions that affect genome integrity among the Pif1 family helicases in S. cerevisiae and S. pombe, two evolutionarily distant yeast species, raises the possibility that these helicases might have similar functions in multicellular eukaryotes.
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